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Introduction
Around 300,000 people in the United States experience an out-of-hospital cardiac arrest each year, and less than 10% of them survive to hospital discharge [1] . Survival is only slightly better for in-hospital cardiac arrest [2] . While provision of basic measures like bystander cardiopulmonary resuscitation (CPR) or early defi brillation is consistently associated with better survival [3] , the benefi t of advanced life support (ALS) measures, such as ventilation with advanced airway and administration of drugs, has not been clearly demonstrated [4] .
Among drugs, after the recent removal of atropine from ALS protocols [5] , and considering that antiarrhythmics are recommended only for the minority of cardiac arrest patients with persistent ventricular fi brillation/ventricular tachycardia (VF/VT), the mainstay of drug therapy for cardiac arrest is represented by vasopressors, namely epinephrine or vasopressin.
Rationale for the use of vasopressors in cardiac arrest
During cardiovascular collapse following cardiac arrest, fl ow to vital organs decreases to zero. CPR partially restores this blood fl ow, but cardiac output remains low, about 20% of its normal value. Th e blood fl ow to the heart is driven by the coronary perfusion pressure, defi ned as the diff erence between the aortic diastolic pressure and the right atrial pressure. Th e importance of maintaining an adequate coronary perfusion pressure during CPR has been highlighted in animal and human studies. Kern et al. [6] showed that a coronary perfusion pressure < 20 mmHg measured after 20 minutes of CPR was associated with poor survival in dogs with VF. Brown et al. [7] found a positive association between myocardial blood fl ow and defi brillation rates in a swine model of VF. Th ese results were confi rmed in adult cardiac arrest patients by Paradis and colleagues [8] , who found that initial and maximal coronary perfusion pressure values were signifi cantly higher in patients who attained recovery of spontaneous circulation (ROSC) versus those with no ROSC. No patient whose coronary perfusion pressure was below 15 mmHg was resuscitated.
Vasopressor drugs increase coronary perfusion pressure by increasing aortic diastolic pressure and also increase systemic vascular resistance (SVR), diverting blood fl ow from peripheral to vital organs. Animal studies [6, 7] have demonstrated that epinephrine increases both myocardial and cerebral blood fl ow during CPR, and facilitates ROSC.
Epinephrine
Epinephrine has been the standard vasopressor in cardiac arrest for more than 30 years. Th e current European Resuscitation Council (ERC) guidelines for ALS [5] recommend epinephrine at a dose of 1 mg to be administered as soon as possible in patients with asystole or pulseless electrical activity, or after three unsuccessful defi brillation shocks in those with VF/VT. Similar recommendations are made by the American Heart Association (AHA) [9] . During CPR, epinephrine should be repeated every 3 to 5 minutes, because of its short half-life.
Th e pharmacological eff ects of epinephrine are mediated by the α and β adrenergic receptors. Th e α-receptors mediate mainly vasoconstriction, while β-receptors are responsible for stimulating eff ects on the heart (β 1 ) along with vasodilatation in some vascular beds (β 2 ) [10] . Th e vasoconstrictor α eff ect represents the scope of the administration of epinephrine during CPR, whereas cardiac stimulation from β eff ects is not benefi cial in this context, because the heart is not contracting and cardiac output depends essentially on chest compression. In fact, β eff ects increase myocardial oxygen consumption and may cause an imbalance between oxygen demand and supply in the heart tissue. In an animal model, Ditchey and Lindenfeld [11] demonstrated that the administration of intravenous epinephrine during CPR signifi cantly increased not only left ventricular (LV) coronary blood fl ow but also myocardial lactate concentration. β-adrenergic inotropic and chronotropic actions of epinephrine are mediated by calcium channel opening and calcium infl ux into the heart cells [12] . However, calcium ions are also intracellular mediators of ischemic damage [13] .
Th ere is evidence that the β 1 eff ects of epinephrine worsen post-resuscitation myocardial dysfunction. Th is eff ect consists of a transient reduction in myocardial performance from pre-arrest levels, which is commonly observed after ROSC [14] . In a study by Laurent et al. [15] , post-resuscitation myocardial dysfunction occurred in 73/165 (44%) patients resuscitated from out of-hospital cardiac arrest. Persistent dysfunction was associated with early death from multiorgan failure. In an experimental model of cardiac arrest and resuscitation, Tang et al. [16] demonstrated that post-resuscitation myocardial dysfunc tion was more severe in animals treated with epinephrine than in those treated with the α-agonist, phenylephrine, or with a combination of epinephrine and the β 1 -blocker, esmolol, thus suggesting that β 1 stimulation has a role in determining this phenomenon.
Recent experimental evidence shows that, despite an increase in cerebral perfusion pressure, epinephrine can reduce cerebral tissue perfusion. In a pig model of cardiac arrest, Ristagno et al. [17] measured the cerebral microcirculatory blood fl ow, using orthogonal polarization spectral (OPS) imaging, and the cerebral cortical CO 2 and O 2 tensions (PbO 2 and PbCO 2 ) during and after CPR. Animals were randomized to either epinephrine or a combi nation of epinephrine with α 1 -and β-receptor blockade (prazosin + propranolol) or a combination of epinephrine with α 2 and β receptor blockade (yohimbine + propranolol). Results showed that administration of epinephrine alone was associated with a signifi cant reduc tion in post-resuscitation cerebral microcirculation and PbO 2 , and with a signifi cant increase in PbCO 2 . Th e phenomenon was reduced after combined α 1 and β blockade but persisted after α 2 plus β blockade. Th e authors attributed this eff ect of epinephrine to smallvessel constriction, probably mediated by activation of the α 1 receptor subtype on cerebral and pial arterioles.
Vasopressin
Vasopressin is an endogenous nonapeptide that is synthesized by neurons of the supraoptic and paraventricular nuclei of the hypothalamus and is released in the posterior part of the pituitary gland. In normal conditions, vasopressin is released in response to decreased blood volume or increased plasma osmolality. Th ree types of vasopressin receptors have been identifi ed: V1, V2 and V3. Whereas the V2 receptors mediate water reabsorption and V3 mediate the eff ects of vasopressin on central nervous system, the V1 receptors mediate cardiovascular eff ects, consisting of skin, skeletal muscle and splanchnic blood vessel vasoconstriction.
Vasopressin has been proposed as an alternative to epinephrine in cardiac arrest, based on the fi nding that its levels were signifi cantly higher in successfully resuscitated patients than in patients who died [18] . In comparison with epinephrine, vasopressin has several advantages: First, its V1-mediated eff ects increase arterial peripheral resistance without causing direct myocardial stimulation. Moreover, it has a longer half-life (10-20 minutes vs. 3-5 minutes) and is more resistant to acidosis [19] .
A series of animal studies were conducted on vasopressin during CPR. Th ese studies consistently demonstrated that vasopressin doses between 0.4 and 0.8 U/kg led to a signifi cantly higher coronary perfusion pressure and myocardial blood fl ow than epinephrine and were associated with a higher percentage of successfully resusci tated animals [20] [21] [22] [23] . However, adverse cardiovascular eff ects from vasopressin have been described as well. Th ey are related to the persistent vasoconstriction and increased myocardial afterload induced by this drug. In an observational study on patients with cirrhosis who received intravenous vasopressin during portacaval shunt operation [24] , 13 of 52 patients developed signs of myocardial ischemia requiring treatment with vasodilators. In a pig model of prolonged VF [25] , vasopressin was associated with signifi cantly higher SVR and blood pressure after ROSC but also with a signifi cantly lower cardiac index and contractility when compared with epinephrine, although survival at 24 h was not aff ected.
Epinephrine versus vasopressin: results of clinical trials
A series of clinical trials comparing vasopressin with epinephrine was conducted between 1997 and 2009 (Table 1) . In a fi rst small randomized trial on 40 prehospital patients who had not responded to three consecutive defi brillation shocks, the administration of 40 IU of vasopressin versus 1 mg of epinephrine was associated with a 50% increase in survival to hospital admission and to a 66% increase of survival at 24 hours [26] . However, a subsequent randomized placebo-controlled trial on 200 adult in-hospital patients comparing the same doses as in the previous study did not confi rm those results [27] . In fact, 40 (39%) patients in the vasopressin group versus 34 (35%) patients in the epinephrine group survived 1 hour (p = 0.66; 95% confi dence interval [CI] for absolute increase in survival: -10.9% to 17.0%) whereas 12 (12%) versus 13 (14%) patients, respectively, survived to hospital discharge (p = 0.67; 95% CI -11.8% to 7.8%). In this study, vasopressin and epinephrine were randomized only at the fi rst bolus, and epinephrine was given as subsequent boluses to all patients. Th is single and early administration of vasopressin has been criticized because, according to animal studies, vasopressin appears to be more benefi cial in conditions of severe acidosis and, therefore, at a later phase of resuscitation [28] .
A subsequent randomized controlled trial [29] enrolled 1186 out-of-hospital cardiac arrest patients to receive either 40 IU of vasopressin or 1 mg of epinephrine during two consecutive ALS cycles, followed by additional boluses of epinephrine if needed. Th e study demonstrated no signifi cant diff erences in outcome between the two groups, except for the subgroup of patients with asystole, in whom survival to both hospital admission and hospital discharge were signifi cantly higher with vasopressin (76/262 [29 ) ; however, the number of patients who survived to discharge in that group was negligible. In a post-hoc analysis of patients with prolonged cardiac arrest in whom additional doses of epinephrine were needed, vasopressin was associated with higher survival both to admission and to discharge, although patients who were given vasopressin had higher rates of poor neurological outcome (10/20 [50%] vs. 1/5 [20%]). Again, the eff ect was particularly evident in patients with asystole. Being the results of a post-hoc analysis, these data lack statistical power and are subject to bias.
To investigate the potential synergistic eff ects of vasopressin plus epinephrine, a larger, multicenter placebocontrolled study was carried out on 2894 out-of-hospital cardiac arrest patients who were randomized to receive either 1 mg of epinephrine plus 40 IU of vasopressin or epinephrine alone. In both groups, additional epi nephrine was given if needed [30] . Unfortunately, the study did not show any diff erences between the two interventions in terms of ROSC (28.6% vs. 29.5%; relative risk, 1.01; 95% CI 0.97 to 1.06), survival to hospital admission (20.7% vs. 21.3%; relative risk of death, 1.01; 95% CI 0.97 to 1.05), or survival to hospital discharge (1.7% vs. 2.3%; relative risk, 1.01; 95% CI 1.00 to 1.02). Th e rates of good neurological recovery were also similar in the two groups. Th e study included a high percentage of patients with asystole (82.4%), which made it very suitable for investigating the possible benefi t of vasopressin in that specifi c group suggested by the previous study.
In a recent single center placebo-controlled trial [31] , 100 consecutive patients with in-hospital cardiac arrest were randomized to receive either 1 mg epinephrine or epinephrine plus 20 IU vasopressin per resuscitation cycle for the fi rst fi ve cycles, followed by additional epinephrine if needed. Based on the results of previous observational studies which documented low cortisol levels in patients resuscitated from cardiac arrest, the intervention group received 40 mg methylprednisolone sodium succinate during the fi rst resuscitation cycle. In addition, resuscitated patients with clinical signs of shock in the study group were treated with hydrocortisone sodium succinate at a dose of 300 mg/day for a maximum of seven days. Results showed that the experimental group had signifi cantly higher rates of ROSC (39/ ; p = 0.02). In 31 patients an arterial line was in place when cardiac arrest occurred; among those patients, systolic, diastolic and mean arterial blood pressures were signifi cantly higher in the intervention group both during CPR and after ROSC. Moreover, vasopressor use during follow-up was significantly lower in the intervention group (p = 0.002).
Th e above study was undertaken in the hospital environ ment, where several patients had venous access in [28] these results seem to suggest that the eff ects of vasopressin are more benefi cial when it is administered early.
Based on the neutral results of clinical trials, the 2010 Guidelines for Adult Advanced Cardiovascular Life Support of the AHA [9] recommended vasopressin as an alternative to the fi rst or the second dose of epinephrine, at a dose of 40 IU via either intravenous or intraosseous routes. Arginine vasopressin is not or is scarcely available in some European Countries. Th e ERC 2010 Guidelines for Resuscitation did not make any specifi c recommendation on vasopressin and refer uniquely to epinephrine as the standard vasopressor drug for cardiac arrest [5] .
Drugs versus no drugs
During recent years, the limited evidence in favor of ALS measures and the evidence of possible harm from epinephrine in the post-resuscitation phase have raised concern as to whether drugs should be used at all during cardiac arrest. To address this point, a trial was conducted by Olasveengen et al. in Norway and its results published on 2009 [34] . In this study, 851 patients were randomized to receive ALS with or without intravenous drug administration. In the no-drug group, venous access and drugs were only allowed 5 minutes after ROSC (Table 2) . To assess a possible interference from venous access, which is a time-consuming procedure that could divert focus from good-quality resuscitation, CPR quality was monitored using transthoracic impedance. Measures of CPR quality, such as time without compressions, CPR pauses before defi brillation shocks, compression rate and ventilation rate, were calculated. A special characteristic of this trial was that resuscitation was performed according to a local protocol that included three minutes of CPR both before defi brillation and between subsequent shocks in patients with VF (instead of no CPR before defi brillation and two minutes of CPR between subsequent shocks, as in the standard ALS Guidelines).
Results showed that survival to hospital discharge did not diff er signifi cantly between the groups, despite a small trend in favor of the drug group (10.5% vs. 9.2%, OR 1.16 [95%CI 0.74-1.82], p = 0.61). Patients in the drug group had signifi cantly higher rates of ROSC (40% vs. 25%, OR 1.99 [95%CI 1.48-2.67], p 0.001), and had longer CPR attempts, during which a higher number of defi brillation shocks were given. Th ere were no diff erences in the causes of ICU deaths, most of which (69.5%) were due to brain damage, and no diff erences in neurological outcome between the two groups were observed. Th e results of the Olasveengen study [34] suggest that in adults with out-of-hospital cardiac arrest, the administration of drugs does not improve any relevant outcomes, except short-term survival. However, the study was not specifi cally focused on vasopressors. Epinephrine was administered in 79% of patients in the drug group but its specifi c clinical eff ect could not be assessed separately. More over, the intervention could not be blinded for obvious reasons.
A very recent single center, randomized, double-blind, placebo-controlled trial by Jacobs et al. [35] was specifi cally designed to assess the eff ects of administration of epinephrine on survival from cardiac arrest ( Table 2) . Th e study included 534 adult patients (out of the planned 4426) with out-of-hospital cardiac arrest from any cause who were randomized to receive either epinephrine 1 mg or placebo. No other drug was used during ALS. Study drug and placebo were administered at the same time intervals recommended in the ALS guidelines and were repeated up to a maximum of 10 times. Patients in VF/VT who responded early to defi brillation were not randomized.
Th e results of the study showed that, after adjustment for confounding variables, patients in the epinephrine group had a signifi cantly higher likelihood of achieving ROSC (23.5% vs. 8.4%; OR 3.5 [95% CI 2.1-6.0]) and more than twice the odds of surviving to hospital discharge, although the diff erence was not signifi cant (4.0% vs. 1.9%; OR 2.1 [0. 7-6.3] ). Th e study was largely underpowered, having recruited only 12% of the planned sample. Th is was mainly due to ethical concerns, which prevented four of the fi ve ambulance services that had been initially involved from continuing the study. Funding restrictions and fi nal expiry of the study drug were additional issues. Th e trial confi rmed that ALS drugs, especially vasopressors, signifi cantly increase ROSC rates in adults with out-of-hospital cardiac arrest. Th ere was also a clear trend towards an increased survival to hospital discharge. Th e main limitation of the trial was the limited sample size, because of its failure to achieve full patient recruitment. Another limitation was that the study did not control for CPR quality, although its placebo-controlled design probably prevented imbalances in CPR quality among the study groups.
Vasopressors for cardiac arrest: benefi t or harm?
Results of recent clinical trials indicate that use of vasopressors during cardiac arrest increases the rate of successful resuscitation, and this eff ect is somewhat expected since they increase organ perfusion during CPR. However, there is no defi nite evidence that vasopressors increase either survival to discharge or neurological prognosis. Th ere are three possible explanations for this:
• A fi rst explanation could be that vasopressors restore spontaneous circulation in patients who are simply 'too ill to survive' and who die as soon as the temporary eff ect of resuscitation maneuvers and drugs has fi nished. Th is would confi rm the results of the observa tional Ontario Prehospital Advanced Life Support (OPALS) study [4] , which showed no improvement of survival to discharge when ALS was added to basic life support in an emergency medical system. In this case, vasopressors would just provide futile cardiac resuscitation to patients destined to die shortly afterwards from irreversible organ damage.
• However, it is also possible that patients resuscitated because of the extra benefi t of vasopressors are potentially salvageable with the improvement or better implementation of post-resuscitation care. Most patients who die in the ICU after having been resuscitated from cardiac arrest do so from neurological causes [34, 36] . Mild therapeutic hypothermia can reduce postanoxic brain damage and improve survival to hospital discharge and neurological outcome after cardiac arrest [37, 38] . However, recent surveys showed that implementation of mild therapeutic hypothermia in many ICUs in the Western world is still incomplete [39, 40] . Rigorous application of post-resuscitation bundles [41] and triage of resuscitated patients towards specialized cardiac arrest centers where optimal postresuscitation care is provided [42] represent possible resources to improve prognosis of resuscitated patients in the near future.
• A third explanation could be that vasopressors increase the success rate of cardiac resuscitation because they improve coronary perfusion but also reduce the chances of survival for many resuscitated patients because of their side eff ects, such as increased postresuscitation myocardial dysfunction or decreased cerebral microcirculation. However, in the Olasveengen trial [34] , distribution of the causes of death was similar in the group that received vasopressors and in the group that received no drug. A second potential indirect harmful eff ect of vasopressors could be their interference with the resuscitation process, intro ducing delays in CPR for drug preparation and intravenous access, and diverting team resources from more impor tant tasks. However, the Olasveengen trial did not demonstrate any delay or deterioration in CPR quality in the drug versus no-drug groups.
Conclusion
Th e role of vasopressors during resuscitation from cardiac arrest needs to be further investigated. In experimental models, vasopressors increase diastolic blood pressure and blood fl ow to vital organs during CPR and facilitate resuscitation but also have detrimental eff ects on post-resuscitation myocardial performance and cerebral circulation. Two recent controlled trials in out-ofhospital cardiac arrest patients demonstrated that adminis tration of epinephrine and other drugs was associated with a signifi cant increase in short-term survival but not in survival to hospital discharge. In one of those trials, patients in the epinephrine group had more than twice the odds of surviving to hospital discharge than those who received placebo, but the diff erence did not reach statistical signifi cance, possibly because of inadequate sample size. Future placebo-controlled trials on larger populations are needed to assess more clearly the association between epinephrine and survival to hospital discharge. Clinical studies are also needed to investigate the occurrence of side eff ects from vasopressors in humans after resuscitation and their possible infl uence on hospital survival. At present, epinephrine is the most widely used vasopressor in advanced life support. To date, no advantage from the use of vasopressin rather than epinephrine in any of the relevant outcomes from cardiac arrest has been identifi ed in clinical studies.
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